helically into 30 nm chromatin fibers. These fibers would form loops that are organized radially from a prophase chromosome axis, which would coil to form the condensed metaphase chromosome (Manuelidis, 1990 
of middle repetitive sequence containing multiple transposons (Sun et al., 1997) .
The inhibitory effect of heterochromatin on gene expression is well documented. This connection is based on a number of different lines of evidence. In addition to constitutive heterochromatin, a second class of heterochromatin, termed facultative heterochromatin, is found on the inactive X chromosome in mammals and in homeotic loci that are stably silenced by the action of the polycomb group (PcG) proteins (for reviews, see Eissenberg et al., 1995 and Brockdorff, 1998) . Translocations that place euchromatic genes close to pericentromeric heterochromatin give rise to the mosaic silencing that is classified under the term position effect variegation (PEV) (Muller, 1930 ; reviewed by Henikoff, 1990) . Genetic studies in Drosophila have identified a number of modifer genes that affect PEV, and these observations have recently been extended to variegation in mice (Festenstein et al., 1996; Milot et al., 1996) where the mouse homolog of the Drosophila HP1 protein has been shown to affect variegation of a pericentro- variegation occurring as a result of direct contact between euchromatic genes and heterochromatin through looping (Henikoff, 1996; Talbert and Henikoff, 2000) . and direct visualization of the transgene by FISH. We While these models are useful for considering the effects show that transcriptional activation in heterochromatin of modifiers, they do not address the issue of how varieinvolves a reorganization of higher order chromatin gation and the formation of heterochromatin protein structure which is sensitive to the dosage of a transcripcomplexes are related to the chromatin condensation tion factor that is known to be involved in 5 activation. observed using cytogenetic approaches.
We also show that transcription of the heterochromatic Characterization of genetic modifiers of PEV has shown that some modifiers also affect PcG-mediated gene is maintained through multiple cell divisions even silencing of developmentally regulated genes (Fauthough it remains closely associated with the heterovarque and Dura, 1993; reviewed by Weiler and Wakichromatin complex. moto, 1995). The link between PEV and silencing by the PcG proteins is particularly interesting because both Results involve transmission of the repressed state through mitosis. The hypothesis that heterochromatinization could Integration of a 5 Transgene into be involved in establishing cellular memory of gene ex-
Pericentromeric Heterochromatin pression patterns in different cell lineages has received
The strategy used in this study involved targeting the further support from experiments showing that silencing integration of a transgene into pericentromeric heteroof genes located on the long arms of the chromosomes chromatin by flanking it on either side with multiple copis frequently associated with colocalization of the siies of the major mouse ␥-satellite repeat (Figure 1) Figure 1B ; see Experimental Procedures for details). The fragment containing the 5 gene and the flanking satellite repeats was purified to remove vector sequences and was injected into mouse eggs. Transgenic pups were identified by DNA analysis and integrations into pericentromeric ␥-satellite DNA were identified by probing metaphase spreads from fibroblasts and spleen cells using 5 and ␥-satellite probes. Three-dimensional reconstruction of images obtained by deconvolution microscopy was used to confirm that the transgene was embedded within the ␥-satellite sequences. Integration into the pericentromeric ␥-satellite region was found to occur in ‫%03ف‬ of transgenic animals generated with this construct. The difficulty of making large numbers of transgenic mice means that it is not possible to carry out a direct comparison of integration frquencies with and without the flanking ␥-satellite sequences. However, the frequency and overall number of true integrations into pericentromeric heterochromation observed in this study is significantly higher than in previous published studies (Milot et al., 1996 ; Sabbattini et al., 1999), indicating that the flanking ␥-satellite sequences enrich for pericentromeric integrations. To test whether variegation of transgene expression is stable through multiple cell divisions, the pre- and 80%-84% of pre-B cells, the 5 transgene was located on the outside of the heterochromatin complex while still remaining in contact with it ( Figure 3A and Table 1 ). Since no expression of the transgene is observed in fibroblasts ( Figure 2C ) and 70%-80% of the pre-B cells in line wt-1 were also shown not to express it, we conclude that location of the 5 gene on the outside of the complex can occur in the absence of transcription.
Integration into Pericentromeric Heterochromatin Results in Position Effect Variegation, which
Activation of transcription of the transgene in pre-B cells could require an additional relocation event that would move the transgene away from the heterochromatin complex through the formation of an extended loop. The ability to isolate pre-B cell clones that have the transgene fully active or completely silent ( Figure 2B ) allowed us to determine whether this type of relocation event is associated with transgene expression. Cells from the expressing and nonexpressing clones from line wt-1 shown in Figure 2B were fixed and analyzed by 3D FISH at the same time as the RNA FISH analysis. In both expressing and nonexpressing clones, the transgene remained closely associated with the outside of the centromeric complex in all of the cells analyzed ( Figure  3C ). There was no difference in its location between expressing and nonexpressing clones that could be detected by light microscopy. We conclude from this result that activation of the 5 transgene does not require relocation away from the heterochromatin complex. was located at the edge of the heterochromatin complex in 70%-77% of the nuclei ( Figure 3B and Table 1 ). We conclude from these results that HS1 is responsible for localizing the transgene to the outside of the complex expression for a 3-copy line ( Figure 2C ). The variability of the mRNA levels is likely to be partly due to variation in fibroblasts. Our results also indicate that an additional activity located elsewhere in the transgene can give between animals in the same line (see, for example, line ⌬HS1-5, Figures 2C and 5B). rise to this effect in pre-B cells in the absence of HS1. Interestingly, the deletion of HS1 had little effect on the Since the transgene is not transcribed in fibroblasts, it was important to determine whether there is any differexpression of the 5 gene in heterochromatin in pre-B cells. Transgene mRNA levels from the three ⌬HS1 lines ence in its configuration when it is located on the outside of the heterochromatin complex compared with localizaranged from no expression for a single copy line to 75% tion within the complex. We tested this by analyzing the accessibility of the wild-type and the ⌬HS1 transgene to restriction enzyme digestion in fibroblast nuclei. The results of this analysis are shown in Figure 4B . Both wildtype and ⌬HS1 transgenes showed a mean reduction in accessibility to digestion of approximately 4-fold compared with the endogenous 5 gene. There was no increase in the accessibility of the wild-type transgene compared with the ⌬HS1 transgene. The fact that the transgene remains in a closed chromatin configuration suggests that it is still packaged into heterochromatin, even when it is located on the outside of the heterochromatin complex. while remaining in contact with it, or it could become detached from the complex through the formation of a long loop which would include the surrounding satellite plex? One possible explanation would be an exclusion mechanism. Chromatin folding in the nucleus is the sequences. The results of our analysis (summarized in Figure 6 ) show only the first two types of location. The product of a number of different levels of packaging that are ultimately responsible for the densely packed wild-type transgene was mostly located on the outside of the heterochromatin complex in pre-B cells and fibrostructures observed in metaphase chromosomes. Binding of factors to the sequences that form hypersensitive blasts, irrespective of whether it was transcribed or not. The external location in fibroblasts was dependent on sites would interrupt the regular nucleosome array normally present in heterochromatin (Wallrath and Elgin, a constitutive DNase I hypersensitive site (HS1). When the region containing HS1 was deleted, the transgene 1995). This could be a direct result of the factor binding and also of modifications to neighboring nucleosomes. was embedded within the complex in most fibroblasts but was still located mainly on the outside of the comThe perturbation of the nucleosome array could potentially disrupt all subsequent folding steps in the region plex in pre-B cells. The fact that these two different locations were observed in different cell types from the surrounding the factor binding sites. As a result, the transgene would be excluded from the packaged hetsame trangenic line is particularly significant because it excludes the possibility that the external localization erochromatin and would become localized on the outside of the complex. This type of exclusion effect, is an effect of different integration sites in the heterochromatin.
Location on the Outside of the Heterochromatin Complex in Fibroblasts Is

Activation of a Heterochromatic Gene Involves at Least Two Separate Stages
caused by the presence of hypersensitive sites, could provide a general mechanism by which genes are kept What is the nature of the changes that cause the transgene to become displaced to the outside of the outside compacted chromatin, facilitating their subsequent activation. densely packed perocentromeric heterochromatin com-Although relocation to the outside of the heterochropletely exclude the possibility of indirect effects of EBF dosage, the pre-B cell specific relocation effect and the matin complex seems to be a necessary precondition effect of EBF dosage on transgene location together for transcriptional activation, it is not in itself sufficient provide strong evidence that EBF directly affects the to give expression. This is clearly shown by the fact that higher order chromatin structure of the heterochromatic only 30% using probes labeled by nick translation. Cells were attached to coverslips and fixed in 4% paraformaldehyde in PBS for 15 min at Mouse ␥-satellite repeats were amplified by PCR from genomic mouse DNA using the primers GGAATTCGGACCTGGAAATAGGCG room temperature and permeabilized in 0.5% Triton X-100 for 5 min. The coverslips were hybridized at 37ЊC overnight with 100 ng of and GGAATTCTTCAGTGTGCATTTCTCATTTTTCACG. Amplified DNA was gel purified and cloned into the EcoRI site of a low copy each probe, 20 g E. coli tRNA in 50% formamide, 10% dextran sulfate, and 2ϫ SSC. 5 and ␤-actin RNA were detected with cDNA version of pBluescript using the EcoRI sites in the primers. A clone containing 4 ␥-satellite repeats was identified. The satellite insert probes labeled with biotin and digoxigenin, respectively. The 5 cDNA probe was amplified by PCR with the ATGGATGACGATATCG was isolated and cloned by blunt end insertion into the XbaI site of the parent plasmid, generating a plasmid that contained 2 ϫ 4 copies CTGCG/TGTCGCCTTACCGTTCCA primers and the ␤-actin with the ATGAAGCTCAGAGTAGGACAG/AAAGACAGTGAGATGGTTA of the ␥-satellite repeat. Sequencing was used to confirm that the inserts were in the same orientation. An 11 kb BamHI fragment ATGGGA primers and cloned into pGEM-T (Promega). After hybridization, cells were treated as described for 3D DNA FISH. containing the 5 gene and 3Ј HS was then cloned into the BamHI site between the satellite repeats. All of the steps in the construction of p␥Sat were carried out using the SURE strain of E. coli (StraNuclease Sensitivity Analysis tagene, Inc.) to avoid recombination between the repeats.
Restriction enzyme accessibility was performed on isolated fibroDeletion of HS1 blast nuclei as described by Boyes and Felsenfeld (1996) 
